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Introduction:

In the design process of spiral bevel gears, the bending and
contact stress calculations are made and repeated on until a satis-

factory design is found based on the material capabilities and past
experience. In many designs the thermal behavior or flash tempera-
ture calculation will not be made or even considered. However, in

the design of aerospace spiral bevel gear meshes, this calculation
can be just as important as those previously mentioned.

In aerospace applications such as that found in helicopters
as shown in Fig. 1 [ 1], the gears are jet lubricated and the oil is then
scavenged away to permit the highest operating efficiency. In ap-
plications such as helicopters the gears operate at high pitch line
velocities and load such that the thermal behavior is of concern. A

region Of safe operation of a gear mesh can be found as shown in
Fig. 2 [2,3]. Depending on the speed and load under which the gear

mesh is operating, various regimes of different failure modes can
be approached and even successful designs, if pushed to new oper-
ating conditions, can eventually reach a point where the thermal
behavior can be of concern or cause failure.

The earliest work on the thermal behavior of gear systems,
both experimental and analytical, dates back to the work of Blok
[4,5]. Out of this work came the basis of which the "flash tempera-
ture" calculations are still made today. This work was further ex-

tended to spiral bevel and hypoid gears in the work of Coleman
[6]. This methodology is still used to predict the flash temperature
in a quick and efficient m_er [7],

In the open literature, analytical work on the thermal be-
havior of spiral bevel gears is very limited. Other than the pioneer-
ing work of Ref. 6 only one other analytical study using a finite
element based approach has been attempted [8] other than that of
Refs. [9,10].

Experimental work is also very limited. Only the work of
Refs. 11-13 have documented spiral bevel gear operating tempera-
tures in an aerospace operating environment. Therefore an indepth

study using experiments and analysis would be useful to character-
ize the thermal behavior of this type of gear system.

The objective of the research reported herein was to con-
duct an experimental and analytical study to characterize the ther-
mal behavior of aerospace-quality spiral bevel gears. Experiments
were conducted using thermocouples on spiral bevel pinions to

measure bulk operating temperatures. Also, an infrared microscope
was used to measure transient pinion surface temperatures at a po-
sition some rotational distance after meshing had occurred. An

indepth analytical effort was undertaken. A finite element based
approach was formulated using the actual gear geometry/gear de-
sign, tooth contact analysis, Hertzian contact analysis, and lubri-
cant frictional behavior to apply the heat flux boundary conditions
to the finite element model. The results from the experiments are

compared to the analysis that was conducted. "

NASA Test Apparatus:

The experimental results described in this study were at-
tained using the Spiral Bevel Gear Test Rig located at NASA Lewis
Research Center. A sketch of the overall facility which uses a

closed-loop torque regenerative arrangement is shown in Fig. 3.
Two sets of spiral bevel gears can be tested simultaneously in the

arrangement used.
A cross-sectional view of the facility is shown in Fig. 4.

Rotational motion is provided by v-belts from a 75 kW (100 hp)
motor to a helical gear shaft that meshes with another helical gear
that can move axially. Axial motion of the helical gear through a
thrust piston permits the loop torque to be changed during facility

operation. The shafting that is connected to the helical gears is also



driven at the same rotational speed as the gear member of the spiral

bevel mesh. The right side of the test stand (slave side) operates
with the gear driving the pinion and the left side operates in the
normal manner with the pinion driving the gear. Both sides of the
test stand however have contact on the normally contacting sides of
the gear mesh, where the concave side of the pinion meshes with
the convex side of the gear. The regenerative torque loop is closed

through shafting and an in-the-loop, commercially available
torquemeter. The operational capabilities of the test stand are given
in Table 1 and the basic spiral bevel gear design specifications are
provided in Table 2.

Thermal Measurement Instrumentation: Two methods

to measure temperature were used in this study. The first type of
measurement system involved the use of thermocouples that were
imbedded or attached using an adhesive in four locations on the
pinion member. An example of this is shown in Fig. 5. The four
locations were the tooth top, root, toe, and heel. In all but the root

locations the thermocouples were located approximately 0.76 mm
(0.03 in.) below the machined boundaries. The thermocouple wir-
ing was then connected to slip rings which transferred the signal to
a laboratory computer. These measurements were for the bulk ther-
mal properties of the pinion. As will be described later, in the analy-

sis section, these locations are only exposed to steady state condi-
tions once equilibrium is reached.

The second method used to investigate the thermal behav-

ior of the pinion was the use of an infrared microscope system. A
schematic of the system used is shown in Fig. 6. The infrared
microscope has a sensor that responds to infrared radiation in the 1
to 10 mm range. The resultant voltage output of the sensor in the
transient mode is related to the temperature difference of the sur-
face under study, the surface emissivity, and the instrument calibra-
tion factor.

A clear line of sight is required to make this measurement
and therefore must be made, in the study described herein, about
120 ° after the pinion had finished engagementwith the gear. Also
used with this measurement system is a proximity probe that tracked

the pinion tooth location. Both of these signals were fed into a dual
channel oscilloscope. This permitted the proper locating of the pin-
ion active profile in the transient signal.

Exvertmental Results:

Thermoeoupled Pinion: Three variations of test operat-
ing condition and arrangements for a number of conditions will
now be described [9,13]. The effects of transmitted load, oil inlet

temperature, and jet position (jet pressure) will be presented. All
test data were taken after the measurements had stabilized with no

change in temperature magnitude for a period of time, typically

lasting 5 rain.

First the effect of load at fiall speed on the four measured

locations is shown in Fig. 7. The tooth top was always at a higher
temperature than the tooth root, toe, and heel. The effect of going
from approximately 50 to 100 percent load was a linear rise in the
temperatures measured. The tooth top however increased at a higher
rate than the other locations.

and load were both held constant at the 100 percent conditions of
the facility while the oil inlet temperature was varied. Increasing
the oil inlet temperature caused a nearly linear temperature increase

in the four measurement locations as shown in Fig. 8. Note that the
increase in the measured temperature was not as great as the change
in the oil inlet temperature. Obviously the ambient convection con-
ditions and the heat capacity of the attachment structure limited the

response of the measured temperature to a fraction of the oil miet
temperature change.

The last set of data that will be discussed using the instru-

mented pinion will be the effect of jet orientation on the four meas-
urement locations. The jet orientations are shown in Fig. 9. Five
different positions of the lubricating jet were tested at two different

lubricant jet flow rates (jet pressures). One jet position was tested at
a time. Two locations of the lubricating jet produced similar and the
lowest measured temperatures. Position 4 is the into-mesh position
and Position 5 is the out-of-mesh position. Either of these produced
the lowest indicated temperatures. Based on this, the out-of-mesh
position would be chosen to maintain the highest system efficiency.

Lubricant jet flow rate had less of an effect at jet locations 1
to 3, but had a significant effect on temperature at locations 4 and

5. Therefore a substantial overall pinion operating temperature de-
crease could be produced at these locations (4 and 5) by increasing
the lubricant flow rate.

Infrared Microscope Measurements: Measurements us-
ing an infrared microscope are very difficult to make in a gearbox
because of the turbulent windage caused by the lubricant interact-
ing with the meshing gear teeth. This windage permitted the meas-
Urement to be made at only a few jet positions. The results described

in this report had the jet oriented 90 ° on the gear at either the into-
or out-of-mesh position. The infrared microseope monitored the

pinion under study.

When the infrared microscope is positioned, a single sta-
tionary region is examined with a diameter of approximately
0.25 mm (0.01 in.). As the pinion rotates by, the measurement Io-
cation varied as shown in Fig. 10(a) on a once per tooth basis. For
the tests of the study described herein, the measurement location

was approximately 1/3 of the distance from the heel to the toe. Shown
in Fig. lO(b) are actual infrared microscope and proximity probe
outputs taken from a digital storage oscilloscope. As mentioned
earlier the proximity probe was used to establish a reference loca-
tion of the infrared microscope output with respect to a location on

the pinion tooth profde.

Also this instrumentation requires aclear line-of-sight, there-
fore this measurement was made at a rotational distance of approxi-

mately 120° out-of-mesh. All infrared microscope signals had a
repetitive form similar to that shown in Fig. 10(b) with the voltage
differential dependent on the loading conditions that were applied.
The calculations made on the raw data are explained in detail in
Ref. 9. From the transient infrared oscilloscope data, the tooth tip

always produced the highest voltage and the tooth root region the
lowest as shown in Fig. 10(b). The sharp decrease in the infrared
output (Fig. 10(b)) at points 1,7 and 2 are believed to be due to the
pinion top land edge passing in front of the measurement location.

The second effect investigated was the effect of oil inlet tern- The results found via the infrared microscope win now be

perature on the same four locations as was descn'bed earlier. Speed discussed. Fkst the variation of speed and load are shown in
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Table 3. The thermoeouple at the root region was used as the refer-
ence temperature to make the calculation from the infrared micro-
scope raw data to the values shown. The temperature difference via

the infrared microscope compared fairly well to the temperature
differential found via the root and tooth top thermocouples. At the
conditions tested speed and load had little effect on the measured
values until the full load condition was applied at full speed.

The other set of infrared microscope results to be discussed
involved the effect of flow (pressure) and lubricating jet position
(Table 4). The infrared microscope data was treated as mentioned
above. All the tests were conducted at full load and speed. The in-
flared microscope produced the same trends as the thermoeouples.
Lubricating the gear 90 ° out-of-mesh produced higher pinion
operating temperatures than did lubricating the gear 90 ° before
mesh. The infrared microscope temperature differential data when

compared to the thermocouples were at the most 11 °C (20 °F)
different.

Ar_alytical Model Development:

The spiral bevel gear geometry to be modelled in this study
is the face-milled type. This type of system is used for most spiral

bevel and hypoid gear meshes manufactured in the United States at
this time. A more indepth explanatio n of the geometry and opera-
tion of spiral bevel gears can be found in Refs. 14-22. In this sec-
tion a brief overview of how a finite element analysis was con-
ducted on the same gear system tested in the prior section will now
be made.

Determination of Surface Coordinates: The development
of a finite element model for any gear system requires the knowl-
edge of the surface boundaries. The case of face-milled spiral bevel
gears requires a kinematic description of the manufacturing pro-
cess. The process begins by examining the machine tool used in
manufacture shown in Fig. 11.

The gear manufacturing machine depicted in Fig. 11 will be

used to describe the most important features. First the head cutter,
which contains the cutting blades or a grinding wheel, has conical
cutting surfaces, The head cutter rotates about it's axis to remove
material in the most efficient manner andit's speed is not related to
the gear geometry produced. The head cutter orbits about the ma-
chine center at a predetermined distance. This location and orienta-

tion are dependent on the workpieee basic design data and cutter
size. The head cutter and workpiece are respectively rotated about
the cradle and axis of rotation of the workpiece in a timed relation-
ship known as the ratio of roll. Typically in aerospace applications
the pinion is cut (ground) one side of the tooth profde at a time
whereas the gear is simultaneously cut (ground) On both sides. There-
fore many machine settings will differ from one side to the other

for the pinion.

From the differential geometry approach of Ref. 16, a de-
scription of the relationship between the head cutter and the
workpiece can be found and is called the "equation of meshing."
For the profile coordinates of a spiral bevel gear three unknown
parameters from the differential geometry description alongwith

the basic machine settings and gear design data are combined to
produce a system of three nonlinear algebraic equations that are
solved numerically. Once these coordinates are found for the pin-

ion or gear under study, a finite element model can be produced as

shown in Fig. 12.

Tooth Contact Analysis, Three-Dimensional Contact. Heat
Generation, and Heat IYansfer Coefficients:

The next part of the analysis to be described is how the
finite element model boundary conditions are determined and ap-
plied. The boundary conditions are found using a three step ap-

proach. First tooth contact analysis from the gear tooth surface ge-
ometry is needed to describe the interacting surfaces. Secondly a
three-dimensional Hertzian contact analysis on the geometry of the
contacting points is conducted. Based on the tooth contact and Hert-
zian analysis the frictional heat generation can be determined.
Finally the heat transfer coefficients are determined from empirical
results where possible.

Tooth Contact Analysis: First the tooth contact analysis

described in Ref. 16 is used. The machine tool settings and gear
mesh operating conditions are used as input to this analysis. Based
on the input provided the program determines the unloaded trans-
mission error as a function of roll angle, location of the instanta-

neous point of contact, the principal curvatures and orientations,
the sliding and rolling velocity, and the normal force assuming a
single pair of teeth are in contact.

The transmission error as a function of roll angle is used m

determine the level of load that is to be applied at any point of con-
tact. Where there is an overlap of the parabolic transmission error
curves the load is assumed to be equally shared between two pairs
of teeth [9-10].

Three-Dimensional Contact: The other geometrical prop-
erties of the contacting points are used in a three-dimensional con-
tact analysis [23,24]. From the principal curvatures, orientations,
material properties, and load the contact region is determined. The

contact region for any particular ellipse is the found on the f'mite
element model by determining which surface grid points from the
tooth profile are contained within the ellipse [9].

Heat Generation: In this study only the heat generated

due to the relative sliding of the meshing teeth is assumed to exist.
The heat flux can be described as the product of the friction coeffi-
cient, sliding velocity, and load. The friction coefficient as a func-
tion of rolling velocity, sliding velocity, oil inlet temperature, and
maximum contact pressure was described for a turbine engine oil
in Refs. 9, 25. The sliding and rolling velocity are found using tooth
contact analysis, the inlet lubricant temperature is known, and the
maximum contact pressure is determined by the three-dimensional

contact analysis. Therefore the heat flux as a function of contact
location for the model is now available.

Heat Transfer Coefficients: The last boundary conditions
necessary for a thermal analysis are the heat transfer coefficients
for the pinion under consideration. In the study conducted herein a
one-tooth sector model was used (Fig. 12). Where the mode/was
cut between adjacent teeth the boundary was assumed to be insu-

lated or no heat transfer takes place. On the other expo.sedsurfaces
the heat transfer forced convection boundaries were treated as flat

plates, or rotating disks, or the coefficients were estimated where

no empirical data was applicable.



Analytical Results:

Based on the methods mentioned previously, a thermal
finite element analysis of an in-house test specimen was developed
[10]. The model developed is that shown in Fig. 12. This model has
20 250 elements, and 22 586 grid points, with 874 of these grid

points on the active profile. The geometric model was created using
the program developed in Ref. 18 that outputs a f'de that can be
directly read into a geometric modelling package [26]. The f'mite
element model used the full load and speedconditions as shown in
Table 1. Fifteen contact (ellipse) locations over the entire meshing
cycle for one pair of teeth were used. The sliding velocity based on
these conditions and the lubricant friction coefficient as a function

of meshing location are shown in Fig. 13. The load applied at each
of the contact locations, based on the load sharing already men-
tioned, and the resultant heat flux are also shown as a function of

meshing location in Fig. 14. The maximum heat flux for this model
occurs at the highest point of single tooth pair contact.

During meshing for this model (pinion), the grid points
exposed to the heat flux on the active profile change for each mesh-
ing position. Figure 15 shows an example of one of the meshing
locations (number 9 of 15 total). The entire active profile is pro-

jected on an axial-radial plane. The fdled circles are the ones that
have heat flux applied for this meshing location. The composite of

all meshing positions for all ellipses would predict the contact pat-
tern for the loaded gear system. Therefore the heat flux locations
with respect to meshing position are very important to the time-
and position-varying boundary conditions that need to be estab-
lished.

The nonlinear finite element code used for the analysis [27]
permits time- and position-varying boundary conditions to be ap-
plied through the use of "user subroutines." User subroutines were
written for a time averaged set of boundary conditions and for a

time- and position-varying boundary conditions. Time averaging of
the boundary conditions were needed to move the analysis out to a

point in time where the overall model behaves in a thermal equilib-
rium state. This is very useful for models that have very small time

step increments in the transient mode and would required millions
of time steps to reach steady state. Using the time averaged bound-
ary conditions to move out in elapsed time and then switching user
subroutines to the time- and position-varying conditions saves a
monumental amount of super computer CPU time.

This procedure was implemented for this study. Figure 16
shows the temperature history after changing from the time-averaged
to the time- and position-varying boundary conditions for a grid

point on the active profile. Each time the heat flux passes over the
grid point, a temperature change of approximately 37 °C (67 OF)
occurs. This flash of temperature is then followed by the forced
convection cooling that follows until the next meshing period. Note
that in Fig. 16 that the time-varying temperature is very repeatable
even after just a couple of revolutions. An example of the full

three-dimensional temperature field is shown in Fig. 17. This par-

ticular figure is from heat flux ellipse #13. The maximum tempera-
ture predicted at this point during the meshing process is 200 °C

(392 °F).
At locations away from the active profile no change in tem-

perature is indicated when changing from the time averaged to tran-
sient boundary conditions. Only locations in close proximity to the
moving heat flux are affected during the transient operation.
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Comparison of Experiments and Analysis:

A comparison of the experimental and analytical results will
now be made. The data taken via thermocouples will be compared
with the same locations on the finite element model. The infrared

microscope data will be compared to the results from the transient
model at the same out-of-mesh location where the data was taken.

The comparison between the thermocouples and the analy-
sis is shown in Fig. 18. Two experimentally different lubrication
effects were compared to the steady state results of the analysis
with some minor changes to the heat transfer coefficients and am-
bient conditions. As shown in the figure, the analysis did bracket

the temperature found at the four locations. As mentioned earlier,
available heat transfer coefficients for gears are nonexistent and the
assumed ambient conditions could be adjusted to duplicate the re-
sults found through experiments. Fine tuning of the model via the
bound_y conditions could be utilized to develop a range of heat
transfer coefficients based on flow rate, lubricant jet location, rota-

tional speed, and other effects.

The other comparison to be made is that of the infrared
microscope and the transient numerical finite element solution. In
Fig. 19 the path of the infrared microscope superimposed on the
thermal model at the 120 ° out-of-mesh position is shown. Note

that due to alignment of the infrared microscope the hottest loca-

tions of the active profile of the pinion were not traversed. The
resultant transient measurement and analytical result are shown in

Fig. 20. The transient analytical solution was fixed at one location
at the 120 ° out-of-mesh position. The model could have been
checked at each time step increment during the period of time it
takes the infrared microscope to traverse one tooth cycle. The model
showed a temperature variation of approximately 30 °C (54 °F) at
the region that the infrared microscope traversed.

The infrared microscope data shown in Fig. 20 will be fur-
ther explained. The infrared microscope in the transient mode re-
quires a reference temperature to perform the calculations on the

raw data gathered during the experiment. Since a direct compari-
son to the analysis was to be made, the analytical prediction for the
region at the root where the infrared microscope traversed the root
(start of active profile) was used as the reference temperature. The
only other effect factored into the calculation of temperature differ-
ential from the raw data was the attenuating effect of the lens sys-
tem between the infrared microscope and the test specimen as ex-

plained in Ref. 9. Other effects on the raw data such as orientation
of the infrared microscope with respect to the surface and gear edge
effects were not considered. Therefore a minimum of special treat-
ment to the raw data was used for the comparison shown in

Fig. 20. The analytical and experimental results showed similar
trends except at the location where the pinion active profde and
tooth top comer is traversed. The rest of the results were within
10 percent of each other at the other locations.

Conclusions:

An experimental and analytical study have been conducted
with respect to the thermal behavior of spiral bevel gears. The ex-

perimental effort was conducted on aerospace quality spiral bevel
gears at rotational speeds to 14 400 rpm and 537 kW (720 hp). The
experimental results indicated that load, jet location, flow rate, and
oil inlet temperature all can affect the steady state operating tern-



peratureof the spiral bevel pinions that were instrumented. Also an
analytical modelling method was developed to analyze the thermal
behavior via the finite element method.

Based on the study conducted the following conclusions can
be drawn:

(1) The experimental study found that: (i) Bulk tempera-
tures varied nearly linearly with increasing load and oil inlet tem-
perature; (ii) Lubricant jet placement at either the into- or
out-of-mesh positions produced the lowest operating temperatures;
and (iii) Infrared measurements indicated that there are substantial

temperature differences across the active profile, and at the loca-
tion where the instrument measured the transient temperature the

tooth top was the highest temperature which is the same pattern
found in the thermocouple measured data.

(2) A finite element based, three-dimensional, thermal analy-
sis of spiral bevel gears was developed. The model predicts the en-
tire temperature distribution of the spiral bevel gear. From this model

regions located a distance from the active profile do not experience
rapid transient temperature changes as was found on the active pro-
file (up to 37 °C). These regions stay essentially at their final steady
state solution temperature throughout the once per revolution heat
flux/convection cooling cycle.

(3) Comparisons between the experimental and analytical
results generally were in agreement. At locations where bulk tem-

perature (steady state) measurements using thermocouples were
made the results found analytically bracketed the experimental
results. Across the active profile where the heat flux is imparted to
the test hardware and analytical model, the trends agreed between

an infrared microscope and the time varying transient solution at
the measurement location of approximately 120 ° after meshing had
occurred.
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TABLEI.--SPIRALBEVELGEAR TEST FACILITY PARA-

METERS AT FULL SPEED AND LOAD CONDITIONS

Pinionshaftspeed,rpm ...........................14400

Pitchlinevelocity,nYs (ft/min).................44.7(8803)

Pinion shaft power, kW (lap) ..................... 537 (720)
Test section flow rate maximum, cm3/s (gal/min) ...... 51 (0.8)

Oil inlet temperature (variable), °C (°F).. 38 to 189 (100 to 300)

Oil pressure maximum, MPa (psi) ................ 1.38 (200)

TABLE 2.--TEST SPECIMEN DESIGN PARAMETERS

Number of teeth pinion/gear ......................... 12/36
Diametral pitch ................................... 5.141

Mean spiral angle, deg ............................... 35
Mean cone distance, mm (in.) ................. 81.1 (3.191)

Face width, mm (in.) ........................... 25.4 (1.0)
Nominal pressure angle, (:leg ......................... 22,5

Shaft angle, (leg .................................... 90
AGMA class ....................................... 12

AGMA bending stress index, MPa (ksi) ............ 398 (57.7)
AGMA contact stress index, MPa (ksi) ........... 2406 (349)

TABLE 3.--.CALCLrLATED INFRARED TEMPERATURE DIFFERENCE

FOR FOUR OPERATING CONDITIONS COMPARED
TO THERMOCOUPLES

[Pencil jet 0.51 mm (0.02 in.) diameter, oil inlet pressure 1.38 MPa (200 psi),
oil inlet temperature 57 °C (135 °F), and jet positioned on gear 90 ° into

mesh on the gear.]

Pinion operating
conditions

Speed, Torque

rpm

N*m in.*lb

7 200 177 1567

10800 267 2363
14 400 267 2363

14400 354 3133

Thermocouple location Temperature difference

Root Top

*C °F *C OF

75 167 103 217

118 244 146 295
136 277 166 331

154 309 188 370

Thermocouple

(to.p-root)

°C °F

28 50
28 51

30 54

34 61

Infrared

microscope

°C °F

29 52

30 54
30 54

40 72

TABLE 4.---COMPARISON OF THERMOCOUPLE AND INFRARED MICROSCOPE

MAXIMUM TEMPEATURE DIFFERENCE FOR TWO LUBRICANT
JET POSITIONS AND TWO JET PRESSURES

[Pinionspeed= 14400 rpm;piniontorque= 354 N*m (3133 in.*Ib),oilinlet

tern _erature = 38 °C (100 oF).]

Jet location Lubricant fan jet Thermocouple location Temperature difference
a

on gear

A

A

B

B

Pressure Flow

MPa (psi) i cm3/sec

(gpm)

1.38 (200) 49 (0.78)
0.35 (51) 25 (0.40)
1.40 (203) 49 (0.78)

i0.35(51) 25 (0.40)

'A = 90 ° out-of-mesh on the gear.

B = 90 ° before mesh on the gear.

Root

°C °F

124

134
123
127

Top Thermocouple

.(top-root)

255
273

253
261

°C °F

164 327
175 347
154 309

161 322

°C °F

40 72
41 74
31 56

34 61

Infrared

microscope

°C °F

29 52

32 58
26 47

28 50
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Figure 1 .--OH-58A helicopter main rotor transmission. (Fief. [1]).
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ting conditions (Ref. [2,311.
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Figure3.---Spiralbeveltestfacilitysketch.
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Figure 4.--Cross-sectional view of spiral bevel test facility.
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Figure 5.--Bulk thermocouple pinion.
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Figure 6.--Transient temperature measurement system.
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Figure 12.--Finite element model used for heat
transfer study,
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Figure 17.---Heat flux increment 13, temperature °C.
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Figure 18.--Comparison of bulk measurments from thermocouples to time-averaged boundary condition analytical results.
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Figure 19.--Temperature field of pinion at 120 ° out-of-mesh position. Model
is shown from approximately half the face width to the heel. Infrared path
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degrees centigrade.
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